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Introduction
The maternal-fetal interface is a dynamic site where uterine and placental structures cooperate to promote the development of the fetus. These specialized tissues facilitate efficient nutrient delivery. When trophoblast cells develop abnormally their ability to function as a link between mother and fetus is altered and can lead to diseases such as preeclampsia and fetal growth restriction, resulting in pregnancy failure (Pijnenborg et al., 1981; Kaufmann et al., 2003) , or longer term adverse effects on postnatal development and adult health (Bateson et al., 2004; Gluckman and Hanson 2004) . Rodent models are useful tools for studying mammalian development and pregnancy.
Several studies have linked the phosphatidylinositol 3 kinase (PI3K)/AKT signaling pathway to placental development and postnatal growth. PI3K is a lipid kinase that phosphorylates phosphatidylinositol and phosphoinositides (Engelman et al., 2006) . The cellular actions of several growth factors, including insulin-like growth factors (IGFs), are mediated through activation of PI3K (Cantley 2002; Fayard et al., 2005; Manning and Cantley 2007) . PI3K initiates a signaling cascade leading to activation of a serine/threonine kinase called AKT (Cantley 2002; Brazil et al., 2004; Manning and Cantley 2007) . AKT exists as three isoforms (AKT1, AKT2, AKT3) acting on an overlapping set of substrates involved in many cellular processes including: metabolism, cell cycle, survival, protein synthesis, and differentiation (Coffer et al., 1998; Brazil and Hemmings 2001; Engelman et al., 2006; Gonzalez and McGraw 2009) . Small molecule inhibitors of PI3K disrupt activation of AKT in trophoblast stem cells and interfere with their differentiation towards endocrine and invasive phenotypes (Kamei et al., 2001; Kent et al., 2010 Kent et al., , 2011 . Several mutant mouse models impacting the PI3K/AKT signaling pathway exhibit disruptions in placental and postnatal development. Most notable are Akt1-/-and Igf2-/-mice. Mutations of Akt1 or Igf2 genes result in similar phenotypes, including fetal loss, and decreased placental, fetal and postnatal growth (DeChiara et al., 1990; Lopez et al., 1996; Chen et al., 2001; Cho et al., 2001; Constância et al., 2002; Yang et al., 2003; Plaks et al., 2011) .
Akt1-/-and Igf2-/-placentas possess few glycogen positive trophoblast cells (Lopez et al., 1996; Yang et al., 2003) . Glycogen cells are initially situated within the junctional zone compartment of the placenta and subsequently move into the uterine decidua beginning at gestation day 13.5 (Ain et al., 2003; Bouillot et al., 2006; Coan et al., 2006) . One of the key functions of invasive trophoblast cells is the remodeling of uterine spiral arterioles. This remodeling transforms tightly coiled spiral arterioles into dilated vessels, which facilitates nutrient delivery (Pijnenborg et al., 1981; Kaufmann et al., 2003; Adamson et al., 2002) .
In addition to the pregnancy phenotype Akt1-/-mice are unable to support their pups after birth due to multiple lactation defects resulting in a decrease in milk production (Boxer et al., 2006; Maroulakou et al., 2008) . AKT1 may also have a role in cell survival, as overexpression of AKT1 in mice delays mammary gland involution (Ackler et al., 2002) . Although, IGF2 has been implicated in mammary gland development (Brisken et al., 2002; Hovey et al., 2003) , lactational insufficiency has not been reported in Igf2-/-mice.
Collectively, the reported phenotypes for Akt1-/-and Igf2-/-mice are difficult to directly compare because the mutations were evaluated on different genetic backgrounds. The Akt1-/-mutation was analyzed on a C57BL/6 mouse genetic background (Cho et al., 2001) , whereas the Igf2-/-mutation was evaluated on a mixed C57BL/6 x 129 mouse genetic background (DeChiara et al., 1990) . Individual inbred strains possess strain-specific modifier genes that can impact phenotypes resulting from specific genetic mutations (Montagutelli 2000; Doetschman 2009 ). In contrast, outbred mouse stocks possess greater allelic variation and are less susceptible to strain-specific modifier genes (Montagutelli 2000; Chia et al., 2005) . Outbred mouse stocks also exhibit robust reproductive performance, which can be advantageous when investigating certain genetic mutations affecting fertility. In this report, we transferred Akt1 and Igf2 null mutations to the outbred CD1 mouse by backcrossing. Some similarities and some differences were noted in the placental, fetal, and postnatal phenotypes.
Results

AKT and IGF2 expression in the mouse placenta
IGF2 and AKT regulate cell proliferation, survival, and differentiation (Cantley 2002; Fayard et al., 2005; Manning and Cantley 2007; McDonald et al., 2007) . IGF2 is a member of the insulin/relaxin growth factor family and is capable of activating AKT signaling pathways (Claeys et al., 2002; Lu et al., 2005; McDonald et al., 2007) . Akt1-/-and Igf2-/-mutations were successfully transferred to the CD1 genetic background. Gestation day 17.5 placentas were examined for their expression of AKT isoforms, AKT activation, and expression of IGF2 (Fig. 1) . For all experiments, homozygous wildtype or homozygous mutant breeding pairs were used to generate As expected, AKT1 was absent from Akt1-/-placentas (Fig. 1) . Total AKT was decreased in Akt1 null placentas, indicating that the predominant AKT isoform in the placenta is AKT1. Akt1-/-C57BL/6 placentas showed a modest decrease in AKT activation (P-AKT), whereas P-AKT levels in CD1 placentas were not affected by the Akt1 null mutation, suggesting that AKT2 and AKT3 isoforms may be more effective in compensating for the AKT1 deficiency on the CD1 genetic background. Placental AKT2 protein concentrations were not affected by Akt1 gene disruption.
Western blot analysis of Igf2-/-placentas showed no detectable expression of IGF2 protein confirming the null mutation ( Fig.  1 ). Most importantly, disruption of IGF2 did not affect AKT protein expression or AKT activation.
These results verify the integrity of the null mice and demonstrate AKT isoform compensation and a disconnection between IGF2 and AKT activation within the placenta.
Placental and fetal growth in Akt1 and Igf2 mutant embryos
We next evaluated the impact of disruption of Akt1 or Igf2 genes on placental and fetal development. Viability of placental-fetal sites was monitored at gestation days 10.5, 14.5, and 17.5 (Fig.  2 ). Placental-fetal loss for C57BL/6 Akt1 nulls was significantly greater than for wild-type controls on gestation day 17.5 ( Fig. 2C) , whereas placental-fetal loss for CD1 Akt1 and CD1 Igf2 nulls was significantly greater than for wild-type controls on both gestation days 14.5 and 17.5 ( Fig. 2 
B,C).
Placental and fetal growth responses were monitored on gestation day 17.5 ( Fig. 3 ). Placental and fetal weights were significantly lower in Akt1-/-and Igf2-/-when compared to wild-type. The magnitude of the placental weight decrease was comparable in Akt1 and Igf2 nulls; whereas Igf2 nulls exhibited a significantly greater fetal growth restriction than did Akt1 nulls (Fig. 3) .
The results suggest that AKT1 and IGF2 contribute to the health and growth of the placenta and fetus.
Placentation in Akt1 and Igf2 nulls
The mature mouse hemochorial placentation site is organized into three compartments: i) labyrinth zone (site of maternal-fetal exchange); ii) junctional zone (situated at the uterine interface); iii) mesometrial compartment, which includes the uterine decidua, invasive trophoblast, and the metrial gland. These compartments can be easily distinguished using Isolectin B4 to identify the compartments (labyrinth zone: positive; junctional zone: negative; uterine decidua: positive) and cytokeratin immunostaining to locate the intrauterine invasive trophoblast cells. Growth restricted null and wild-type placentation sites were histologically examined at gestation day 17.5 (Fig. 4) . Placentation sites from each group contained recognizable labyrinth zone, junctional zone, and uterine mesometrial compartments. Ratios of junctional zone/labyrinth zone among the null and wild-type placentation sites did not significantly differ. Interstitial invasive trophoblast cells were identified throughout the uterine decidua of mutant and wild-type placentation sites (Fig. 4) . The relative abundance of invasive trophoblast cells and their depth of invasion were also comparable among all strains.
The absence of functional AKT or IGF2 affects the size of the placenta but does not affect the structural organization of the placentation site.
Postnatal development in Akt1 and Igf2 nulls
AKT1 and IGF2 have been implicated as regulators of postnatal viability, growth, and development (DeChiara et al., 1990; Cho et al., 2001 ). In our experimentation, genetic background influenced postnatal survival. Female C57BL/6 mice possessing the Akt1 null mutation were not able to support postnatal offspring survival (Table  1) . Such findings are consistent with earlier reports indicating a vital role for AKT1 in mammary gland development and lactation (Boxer et al., 2006; Maroulakou et al., 2008) . In contrast, a high percentage of female CD1 mice possessing the Akt1 null mutation (88%) were able to sustain sufficient lactation to support postnatal growth and survival (Table 1) . Female CD1 wild-type and Igf2 null mice exhibited effective maternal support for their offspring (Table 1) .
Offspring sex ratios can be influenced by maternal factors (Rosenfeld et al., 2003; Rosenfeld et al., 2004) . Although, disruption of Akt1 or Igf2 genes affected the maternal environment, these manipulations did not alter offspring sex ratios (Table 1) .
Akt1 and Igf2 null male and female progeny showed a significant decrease in postnatal growth (Fig. 5) . At the time of weaning, there were no significant differences between Akt1 and Igf2 null pup weights (Fig. 5) . However, post-weaning weight gain was significantly less in Igf2-/-than in Akt1-/-offspring (Fig. 5) . In summary, the effects of AKT1 on pre-weaning postnatal survival are influenced by maternal genetic background. Both AKT1 and IGF2 contribute to post-weaning growth, with IGF2 possessing a greater role.
Discussion
AKT1 and IGF2 contribute to the regulation of placentation and prenatal and postnatal growth. These insights were largely derived from experimentation with mice possessing null mutations for Akt1 and Igf2 genes (DeChiara et al., 1990; Lopez et al., 1996; Chen et al., 2001; Cho et al., 2001; Constância et al., 2002; Yang et al., 2003) . Reported phenotypes of mice with the respective null alleles are similar but difficult to directly compare because genetic backgrounds of the mutant mice in the previous analyses differed. In the present report, we have investigated placentation and postnatal growth phenotypes in CD1 mice possessing Akt1 or Igf2 null alleles.
Disruptions in either the Akt1 gene or the Igf2 gene result in similar placental phenotypes. Placentation sites were smaller for both mutants; however, the organization of the mouse placentation site into recognizable compartments (labyrinth zone, junctional zone, and uterine mesometrial region) was not affected by either mutation. Previous reports described deficiencies in glycogen positive trophoblast cell numbers from both Akt1 and Igf2 null placentas (Lopez et al., 1996; Yang et al., 2003) . Glycogen positive trophoblast cells accumulate in the junctional zone after midgestation and subsequently invade into the uterine decidua (Ain et al., 2003; Bouillot et al., 2006; Coan et al., 2006) , inferring that Akt1 and Igf2 signaling pathways may regulate development of the interstitial invasive trophoblast lineage (Simmons et al., 2005) . This notion was further supported by in vitro experiments demonstrating roles for AKT and IGF2 in trophoblast invasion (McKinnon et al., 2001; Qiu et al., 2004a; Qiu et al., 2004b; Miller et al., 2005) . In the present report, we did not observe a deficit in interstitial trophoblast invasion accompanying either mutation. Cytokeratin immunostaining proved to be an effective means for identifying the interstitially invasive trophoblast cells. The defect exhibited in the Akt1 and Igf2 null placentas is not in the derivation of the "glycogen/interstitial invasive" trophoblast lineage or their ability to invade into the uterus but instead in their ability to accumulate glycogen. PI3K/AKT and IGF2 signaling can regulate key enzymes promoting cellular glycogen storage (Binoux 1995; Phillips et al., 1998; Whiteman et al., 2002; Woodgett, 2005; Liang et al., 2010) . The similarities in placentation phenotypes suggest that AKT1 and IGF2 are acting as part of a single sequential pathway or equivalent parallel pathways.
Postnatal pre-weaning development was more severely affected by a deficiency in the Akt1 gene than a deficiency of the Igf2 gene. This phenotype is likely related to the actions of AKT1 on lactation. Previous reports indicated that AKT1 contributes to development of a competent lactating mammary gland (Boxer et al., 2006; Maroulakou et al., 2008) . Based on our findings, the relative importance of AKT1 in lactation is dictated by the genetic background of the mutant mice. As previously demonstrated, AKT1 disruption on a C57BL/6 genetic background profoundly affects maternal pre-weaning offspring support. Pups die shortly following birth. In contrast, the Akt1 null mutation on a CD1 genetic background results in a much less severe phenotype, resulting in a high rate of offspring survival. Even though, CD1 Akt1 null pre-weaning development was superior to C57BL/6 Akt1 null pre-weaning development, it was inferior to CD1 Igf2 null pre-weaning development. Igf2 null fetuses are significantly smaller than Akt1 null fetuses at gestation day 17.5 but caught up to Akt1 null offspring by postnatal day 28. Thus, C57BL/6 and CD1 genetic backgrounds may differ in their abilities to compensate for a deficiency in AKT1. (Efstratiadis 1998; Hill et al., 1998; Simmen et al., 1998; Allan et al., 2001; Han and Carter 2001; Whiteman et al., 2002; . Deficiencies in IGF2 have more profound effects on fetal and post-weaning growth than do AKT1 deficiencies (present study). These phenotypic differences are probably attributed to the spectrum of signaling pathways activated by IGF2 and necessitated by developmental changes in nutritional sources and metabolic demands. Insulin and IGF1 receptor tyrosine kinases mediate IGF2 activation of several intracellular signaling cascades, which include but are not limited to PI3K/AKT, and are also not restricted to AKT1 (Laviola et al., 2007; Werner et al., 2008; Gallagher and LeRoith 2010) . IGF2 is also capable of modulating cellular function through interactions with IGF receptor 2 (Hawkes et al., 2007; Brown et al., 2009; El-Shewy and Luttrell 2009) . Thus, the breadth of IGF2 regulation of fetal and postnatal growth probably extends to other signaling mechanisms beyond activation of AKT1.
Genetic background influences phenotypes of genetically manipulated mice (Doetschman 2009). Some aspects of the Akt1 null phenotype differed when evaluated on the C57BL/6 versus the outbred CD1 genetic backgrounds. These phenotypic differences indicate the existence of allelic variation within the mouse capable of modifying AKT1 signaling. The CD1 outbred mouse provided a means of demonstrating the existence of these modifiers and could be used to search for quantitative trait loci associated with AKT1 signaling; however, the outbred mouse may not be the most effective tool for this purpose. Genetic backgrounds of outbred mouse stocks are not well characterized and breeding practices can affect their stability (Chia et al., 2005) . In contrast, inbred mouse strains possess well-characterized and stable genomes. Screening inbred mouse strains for phenotypic variations in AKT1 signaling may represent a more effective approach for determining the most appropriate parent strains for congenic analysis and subsequent identification of modifier genes (Doetschman 2009). Characterization of recombinant inbred mouse strains represents an alternative strategy for investigating genetic modifiers affecting AKT1 signaling (Threadgill et al., 2011) In summary, AKT1 and IGF2 possess similar effects on placentation; however, they differentially affect fetal and postnatal growth. IGF2 has a prominent role in fetal and post-weaning growth, while AKT1 via its actions on lactational competence contributes significantly to pre-weaning growth. It is also important to acknowledge that AKT1 and IGF2 are not the sole regulators of placentation and fetal and postnatal growth; but instead are part of complex regulatory networks (Efstratiadis 1998; Simmons and Cross 2005; Cianfarani et al., 2007; Knofler 2010) .
Materials and Methods
Reagents
Antibodies specific for pan-AKT, phospho-Ser 473 AKT, AKT1, and AKT2 were obtained from Cell Signaling Technology (Danvers, MA). Antibodies to IGF2 and b-ACTIN (ACTB; clone AC-15) were obtained from Millipore (Billerica, MA) and Sigma/Aldrich (St. Louis, MO), respectively. Rat monoclonal anti-mouse cytokeratin antibody TROMA-1 is from the Developmental Studies Hybridoma Repository (Iowa City, IA). Reagents for SDS-PAGE were obtained from Bio-Rad Laboratories Inc (Richmond, CA). ECL Western blotting detection reagents were purchased from Millipore. All other reagents were purchased from Sigma unless otherwise noted.
Animals, genotyping, and tissue dissections and collection
CD1 and C57BL/6 wild-type mice were obtained from Charles River (Wilmington, MA) and Jackson Laboratories (Bar Harbor, ME), respectively. Dr. Morris Birnbaum, University of Pennsylvania (Philadelphis, PA) provided the Akt1 null mice (Cho et al., 2001) and Dr. Argiris Efstratiadis, Columbia University (New York, NY) provided the Igf2 null mice (DeChiara et al., 1990) . The Akt1 null mutation was on a C57BL/6 genetic background and the Igf2 null mutation was on a mixed genetic background. Akt1 and Igf2 null mutations were systematically transferred to a CD1 genetic background through backcrossing to CD1 wild-type mice for more than six generations. Genomic DNA was extracted from tail biopsies and PCR was used to assess the genotype. The following primers were used to detect the listed alleles: Akt1 wild-type allele 
A B
animals. The presence of a copulatory plug was designated day 0.5 of pregnancy. Mouse placentation sites were collected on gestational days 10.5, 14.5, and 17.5. Tissue for histological sections were frozen in heptane and stored at -80°C until sections (10 mm) were prepared with a cryostat. Tissue samples for RNA and protein extraction were frozen in liquid nitrogen and stored at -80°C. RNA was extracted from tissues using TRIzol (Invitrogen Carlsbad, CA). Whole tissue lysates were prepared using radioimmunoprecipitation buffer (RIPA: 10 mM Tris-HCl, pH 7.2, 1% Triton X-100 or 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 5 mM EDTA, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin). The animals were housed in an environmentally controlled facility, with lights on from 0600-2000 h and were allowed free access to food and water. The University of Kansas Animal Care and Use Committee approved protocols for the care and use of animals.
Western blotting analysis
Samples were resolved by SDS-PAGE. Separated proteins were electrophoretically transferred to nitrocellulose. Filters were probed with the designated antibodies overnight at 4°C. Blots were incubated with horseradish peroxidase-conjugated antibodies to rabbit IgG for 1 h at room temperature. Antibodies were used at the following dilutions: pan-AKT (1:2000), phospho-Ser 473 AKT (1:2000), AKT1 (1:1000), AKT2 (1:1000), IGF2 (1:2000) and b-ACTIN (1:8000). Blots were incubated with horseradish peroxidase-conjugated antibodies to rabbit (Cell Signaling, 1:2000) or mouse (Sigma, 1:2000) IgG for 1 h at room temperature.
Immunohistochemistry and lectin-binding histochemistry
Trophoblast cells were monitored with a rat monoclonal anti-mouse cytokeratin antibody, TROMA-1 (Alam et al., 2007) . Tissue sections were fixed in ice-cold 4% paraformaldehyde and blocked in 10% normal goat serum for 30 min at room temperature. Primary antibody incubation was for 1 h at room temperature with antibodies specific for cytokeratin (1:20). Sections were incubated with biotin labeled secondary antibodies for 30 min at room temperature and avidin conjugated peroxidase for 30 min at room temperature followed by color development with an AEC kit (Zymed Laboratories, San Francisco, CA).
The basic architecture of the mouse placenta was visualized using biotinylated Griffonia simplicifolia lectin (Isolectin B4; Vector Laboratories, Peterborough, UK) (Alam et al., 2007) . Tissue sections were fixed in icecold 4% paraformaldehyde, blocked in 10% normal goat serum for 30 min at room temperature, and incubated with Isolectin B4 (5 mg/ml) for 1 h at room temperature. Avidin conjugated peroxidase was added for 30 min at room temperature followed by color development with an AEC kit (Zymed Laboratories, San Francisco, CA).
Morphologic measurements of the sizes of the placental zones and depth of trophoblast invasion were determined from tissue sections of gestation day 17.5 placentation sites using National Institutes of Health Image J software (Konno et al., 2007; Rosario et al., 2008) . Placental zones were identified using Isolectin B4 staining and the depth of trophoblast invasion was determined by cytokeratin immunostaining. Cross-sectional surface area measurements were made from a histologic plane at the center of each placentation site perpendicular to the flat fetal surface of the placenta (Konno et al., 2007) . Definitions of each compartment within the placentation site (labyrinth zone, junctional zone, and uterine mesometrial compartment have been described (Alam et al., 2007) . Labyrinth zone and uterine mesometrial compartments bind Isolectin B4, whereas the junctional zone is negative.
All tissues were counterstained with Mayer's hematoxylin. Bright field and fluorescence images were captured using Leica MZFLIII equipped with CCD cameras (Leica Microsystems GmbH, Welzlar, Germany).
Statistical analysis
Statistical comparisons of two means were performed with Student's t-test or Welch's t-test. Comparisons of multiple groups were evaluated with analysis of variance. The source of variation from significant F-ratios was determined with Tukey's HSD Multiple Comparison Test. Statistical analyses were performed using the R Statistical Package (http://www.r-project.org/). Chi-square tests were used to determine whether there was a significant difference in the survival of litters between the different mouse strains.
